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Simple Machines 


VERNE N. ROCKCASTLE 


Simple machines are the basic 
moving parts in all the complex 
machines that make life easy and 
efficient. Simple machines often 
help us to lift heavier things or 
exert more force than we could 
alone. Can you imagine how difh- 
cult it would be to bend a coat 
hanger without pliers, to turn a 
screw without a screwdriver, to lift 
a car and change a tire without a 
jack or a wrench, or even to turn off 
a faucet if it had no handle? We de- 


pend so much upon simple ma- 
chines that life without them would 
be nearly impossible. 


Simple machines can also help us 
move things farther or faster than 
we could by ourselves. Think how 
fast the head of a golf club moves, 
how far a fisherman can cast a lure, 
or how much faster than the pedals 
a bicycle wheel turns. Watch how 
the gears of an eggbeater make the 
blades turn faster than your hands. 
Compare the speed of a fly swatter 
with that of your hand alone. Ma- 
chines that change our speed and 
direction are as necessary as those 


that increase our force. 


Nearly all machines, no matter 
how complex, are combinations of 
two and only two, basic machines— 
the lever and the inclined plane. 
‘The lever may be modified to be- 
come a wheel, a gear, a pulley, a 
cam, or any number of rotating de- 
vices. All these can be seen and 
studied at school or at home. 

The inclined plane may take the 
form of a slide, a screw, a drill, a 
worm gear, a chisel, or an automatic 
stoker or feeder. Many of these 
types of inclined planes are at work 
in your school or at home where 
you can watch them or experiment 
with them. 

In this leaflet you will find a de- 
scription of the two basic machines, 
how they are modified, some inter- 
esting applications of them, and 
some teaching suggestions. As you 
read, look for further applications 
of these machines. Try to under- 
stand their working, and you will 
have a new appreciation of many of 
the modern mechanical devices 
around you, Remember that the 
most complex machine is only a 
long series of simple machines work- 
ing together! 
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THE LEVER 


What is a lever? 

A lever is a bar that pivots at one 
point while it supports two or more 
weights or forces at other points. 
\ see-saw is a lever in its simplest 
form. A nut cracker is also a lever. 
The hinge is its pivot, the nut is one 
lorce, and the squeezing of the 
hands is a second force. A wheel- 
barrow is a lever, too. The wheel is 
the pivot, the load in the wheel. 
barrow is one of the weights on 
forces, and the pull upward on the 
handles the other force. Even yout 
forearm is a lever. Its pivot is at the 
elbow, your muscles pull up on your 
arm just ahead of the elbow, and 
the weight of your arm itself pulls 
down against the muscles. 

Levers may be straight or bent, 
long or short, but they all have a 
similar function; they pivot about a 
point or come to rest according to 
the forces acting on them. 


The fulcrum 

Scientists call the balance point 
or the pivot point of any lever a 
fulcrum (full’-crum). Some levers, 
like the see-saw, have their fulcrums 
at the center. Many levers, however, 
have fulcrums that are not at the 
center. Sometimes the fulcrum is at 
the very end of a lever. 

Get an old paint can with a pry 
off lid, and a screwdriver. Insert the 
tip of the screwdriver blade under 
the lid, rest the blade on the rim of 
the can, and press down on the han- 


The edge of the can serves as a ful- 
crum for the screwdriver. 


dle of the screwdriver. When you 
pry the lid off in this manner, the 
tip of the screwdriver blade goes up 
as the lid is raised, and the handle 
of the screwdriver goes down, At 
the rim, however, the screwdrivei 
does not go up or down. It only 
rotates about this point. The rim is 
the fulcrum of this lever. 

Now try a can 
opener on a juice can. Put the metal 
lip or hook of the opener under the 
rim of the can, then lift up on the 
handle while the point and cutting 
edge of the opener press down to 
make a triangular opening in the 
can. In this case the metal lip of the 


pune ture-ty pe 


can opener pivots against the under 
side of the rim to provide a fulcrum. 
Beyond the fulcrum, all parts of the 
opener move up. Inside the fulcrum 
all parts of the opener move down. 
Only at the fulcrum is the lever held 
firmly. 

Look for the fulcrum on the dil 
ferent levers you find at school or at 
home. In scissors or pliers, it is be- 


tween the two ends. It is at the end 
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of tongs, forceps (tweezers), a fly 
swatter (your wrist or elbow is the 
fulcrum), and nail clippers. Where 
is the fulcrum on pruning shears, a 
hammer (when pounding a_ nail, 
and when pulling a nail), a faucet 
handle, a bottle capper, an auto 


jack, a pencil sharpener, or a light 
J 


switch? 


Short strength or far 
and weak? 

Get a stick of wood about 3 inches 
wide, 1% inch thick and 4 feet long. 
It should be fairly free of knots and 
other defects. Lay a pencil on a 
table and place this stick across it. 
(The stick will be your lever for a 


number of activities described in 


Mark, a first-grader, could not punch a hole in the can with a punch type 


opener. 
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When Mark lengthened the handle of the opener by tying a ruler to it, he could 


make holes easily. 


this leaflet.) Move the lever back 
and forth until it is as nearly bal- 
anced on the dowel or pencil as you 
can get it. Make a mark on the lever 
at this point. This mark will repre- 
sent the balance point of the lever, 
and the fulcrum for some experi- 
ments. 

Get 
same kind. Lay one on the lever one 
foot from the center mark. Keeping 
this mark directly over the pencil, 


several small books of the 


place another book on the lever so 
it will balance the first one. Use a 
yardstick to measure from the ful- 
crum to the center of each book. 
How the 
pare? Add another book to one ol 
the two books already in place on 
the lever. Where must you place the 
fourth book to make the lever bal- 


do measurements com- 


ance? 
Now remove one book from the 
lever so there are two books on one 


7 
2 
6 
as 
> 
a 
ry 


From the middle of the single book to the balance point is three times as far as 
from the balance point to the middle of the three books. 


side and only one book on the other. 
Keeping the fulcrum in the center 
of the stick, move the single book 
until it balances the two books on 
the other side. Measure the distance 
from the fulcrum to the center of 
the two books, and from the ful- 
crum to the center of the single 
book. How do the distances com- 
pare? Can you see that it is twice as 
far from the fulcrum to the single 
book as it is from the fulcrum to the 
two books? 

Put three books in a pile on one 
side of the lever. Balance the lever 
with a single book on the other 
side. Measure again from the ful- 
crum to the books. How do these 
distances compare? By repeating 
this several times with different 
numbers of books placed at vary- 
ing distances from the fulcrum, 
you will see that the ratio of weights 
on the two sides is just the inverse 
of the ratio of distances. When the 
weight at the right is twice that on 
the left, the distance on the left is 
twice that on the right. If you com- 
pare weights and distances, you may 
find something like this: 


Distances 
Left Right 

? 


Weights 
Left Right 


Mechanical advantage 

You can see from the figures 
above, and from 
with various weights on opposite 
sides of a lever, that a small weight 
placed far from the fulcrum. will 
balance a large weight placed close 
to the fulcrum. If a lever is long 
enough, there is almost no limit to 


be raised with it. 


experimenting 


how much can 
Also, if the load is close enough to 
the fulcrum, a slight force will lift 
a tremendous weight. 

The ability of a lever to increase 
the force applied to it is called its 
mechanical advantage. If a single 
book on one side of a lever will lift 
two books on the other side, the 
lever has a mechanical advantage of 
two. If you can press down with a 
force of one pound on a lever and 
lift a weight of 100 pounds, your 
lever has a mechanical advantage of 
100. The mechanical advantage of 
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Where are the fulcrum, the resistance 
and the effort in this nail clipper? 


a lever depends upon the distance 
from the fulcrum to the load (often 
relerred to as the resistance) and 
from the fulcrum to your hand il 
you are operating the lever. (The 
force with which you press is called 
the effort.) 

In the nail clipper shown above, 
the fulcrum is at the right end of 
the lever or handle. The resistance 
is the force against the projection on 
the bottom of the lever, and the el- 
lort is the squeeze provided by the 
fingers at the left. The lever is 134 
inches long. The effort is 134 
inches from the fulcrum, but the 
resistance is only 14 inch from the 
fulcrum. Its mechanical advantage 
is 134 inches divided by 14 inch, on 
7. scientific “shorthand,” this 
could be written: 

M.A. = 
tage = 7) 


7 (Mechanical advan 


This means that if | pound of effort 
is applied to the end of the lever, 7 
pounds of force are applied where 
the lever presses against the cutter. 

To let children feel mechanical 
advantage, get a board about 12 


inches wide, | inch thick, and 4 feet 
long (cost: about $1.00 at a lumber 
yard), and a brick to use with your 
lever. Arrange the board, brick and 
lever as shown on page 9. Let one 
or more children stand on the board 
while a classmate presses on the 
lever to lift them. By moving the 
brick back and forth along the lever, 
the children who do the lifting will 
feel the difference as the mechanical 
advantage of their lever changes. 
When the brick is near the board, 
they can lift a whole “boardful” of 
children easily. When it is far from 
the board, they find it difficult to lift 
the board alone. 

When a pupil lifts several of his 
classmates together on the board, 
he doesn't lift them very far. He is 
learning about another important 
principle of levers and other simple 
machines: 


You cannot get something 
for nothing! 

The pupil learns that he can 
move the fulcrum toward his hand 
and still lift the loaded board by 
pressing very hard on the lever. He 
presses down hard and moves his 
end of the lever very little. The 
other end moves much farther, but 
can lilt almost nothing. When he 
moves the fulcrum away from him- 
self, the lever makes him “‘strong”, 
but he must move his hand a long 
way to lift the board only a traction 


of an inch. He cannot use his levet 
to increase his strength and = dis- 
stance at the same time. He can in- 
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Kathy easily lifts three of her schoolmates when the brick (fulcrum) is near the 


far end of her lever. 


crease the distance that the far end 
of the lever moves by moving the 
fulcrum toward himself, or he can 
increase the force at the far end ol 
the lever by moving the fulcrum 
away from himself, but he cannot 
do both at the same time. 

When one uses a lever such as an 
auto jack to lift a wheel off the 
ground, he must move his hand up 
and down many times and through 
a considerable distance in order to 
lift the car a few inches, However, 
he is willing to push with a force 


of perhaps 25 pounds for a distance 


of 50 feet (1 foot up and down 50 
times) in order to raise a_ 1000- 
pound weight | foot. He can exert 


a force of 25 pounds for a distance 
of a foot. The lever (car jack) helps 
a person “trade” what he can do for 
something that he cannot do, 

A lever whose fulcrum is nearer 
the resistance than the effort trades 
distance for strength. The user must 
move his hand much farther than he 
can move the resistance. For the 
same reason, a lever whose fulcrum 
is nearer the effort than the resist- 
ance trades force for distance. In 
such a lever, the hand moves only a 
little way, but the end of the lever 
near the resistance moves a long 
way. Levers and all other machines 
are mostly mechanical means of 
trading limited strength and speed 
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The mechanical advantage of pruning shears is high because of its long handles 
and short blades. How does it compare with the fabric shears? 


for: (1) more strength and less 


speed, or (2) more speed and less 


strength. 


Kinds of levers 
First-class levers. In a 
lever the fulcrum lies between the 


first-class 


eflort and the resistance. Some ex- 


amples of first-class levers are scis- 


sors, pliers, see-saw, auto jack, fau- 
cet handle, and crowbar. First-class 
levers may have a large or a small 
mechanical advantage. If the effort 
is farther from the fulcrum than the 
the advan- 
tage is large and the lever can be 
used to lift heavy objects. If the et- 
fort is closer to the fulcrum than the 
resistance, then the lever exerts less 


resistance, mechanical 


force than the hand that moves it, 
but it moves a greater distance than 
the hand. Pruning shears have short 
resistance arms but long effort arms 
(an arm of a lever is the distance 
from the fulcrum to the place where 
either effort or resistance is applied). 

The fabric shears shown next to 
the pruning shears have short han- 
dles and long jaws. They cannot cut 
thick or 
they are made for long cuts through 
light materials. 

Look tor a first-class lever that has 
a high mechanical advantage (long 
effort arm) and one that has a low 
mechanical advantage. There are 


tough material. Instead, 


probably several right in your class- 
room, Check your own foot or even 
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the filling lever on your fountain 
pen. Your typewriter, especially, 
may have a number of first-class 
levers such as the carriage return 
bar. 

Second-class levers. In second- 
class levers, the fulcrum is at one 
end, the effort at the other end, and 
the resistance between these two. A 
wheelbarrow is a second-class lever; 
so is the handle of a nail-clipper, a 
nut cracker, and a bottle capper. 
Because the effort and resistance are 
on the same side of the fulcrum, 
they work in opposite directions. 
When one acts in an upward di- 
rection, the other acts down. In 
first-class levers, these forces acted 
in the same direction. 

What makes a paper cutter or a 
stapler a second-class lever? (Re- 
member that a spring holds the arm 
of a stapler up until you press it 
down.) 

Third-class levers. In third-class 
levers, the fulcrum is at one end 
and the resistance at the other. This 
means that the effort 
nearer the fulcrum than the resist- 
ance; therefore you never get a me- 


is always 


chanical advantage of more than 
one with a third-class lever. 

The muscles of the body are 
strong, but they cannot move very 
far. For this reason they are some- 
times used third-class 
levers in the body. The forearm and 
the lower jaw are examples. The 


to operate 


forearm is hinged at the elbow, the 
are attached 
and the 


raise it 
the 


muscles that 


in front of elbow, 


weight that the arm lifts is still 
farther from the elbow (in the hand, 
perhaps). The muscles must pull 
with a force several times as great 
as the weight they lift. 

In the same manner the jaws are 
hinged at the back. Just ahead of 
this hinge are the muscles that raise 
the lower jaw. In front of these 
muscles are the teeth. Suppose the 
muscles that close your jaws are only 
one-third as far from the fulcrum as 
your teeth are. They would exert 
about 15 pounds of force when 
your front teeth bite together with 
5 pounds of force. How does the 
mechanical advantage of your front 
teeth compare with those farther 
back in your jaws? Does this help 
to explain why a dog, or a cat, or 
even a human chews hard things 
with his molars? 


Center of gravity 


On page 6 you read about some 
simple experiments with a lever and 
some books. In all of the experi- 
ments, the center of the lever re- 
mained directly over the pencil so 
that the weight of the lever was dis- 
tributed evenly on both sides of the 
fulcrum. In this way the weight of 
the lever did not affect the balance 
of the books. Set the lever on the 
pencil again, but move the center 
mark several inches to one side of 
the pencil. Try to balance the stick 
now, using a single book on the 
short side of the lever. Can you do 
it? 
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The weight of the book times its distance to the dowel equals the weight of the 
board times the distance from its “GG” (center of gravity) to the dowel. 


Suppose the mark on the stick is 
5 inches to the right of the pencil 
(fulcrum), and a single book must 
be placed 20 inches to the lett of the 


fulcrum in order to balance the 
lever. Then the force that presses 
down on the left side of the ful 


crum must equal the force that 
presses down on the right side of the 
fulcrum. Twenty inches to the left 
of the fulcrum is a single book. Five 
inches to the right, at the pencil 
mark, is the balance point of the 
lever itself. This is where the weight 
of the lever to be 
trated. Scientists call this point the 
center of gravity. (Some interesting 


concen 


things about center of gravity will 
be contained in a future leaflet.) 
When the weight of the lever itself 
balances a single book, an equation 
representing the balanced condi 
tion might be written as follows: 
weight of book x distance to ful 
crum weight of lever x dis 
tance from center of gravity to 


fulcrum 
If a known weight such as a 


pound of “oleo” (the weight of the 
wrapper is negligible) is substituted 


for the book, and the lever again 
balanced, the weight of the levei 
may be computed: 


i pound x distance to lulcrum 
weight olf lever x distance from 
center of gravity to fulcrum 
Suppose the distance to the pound 
of “oleo” is 20 inches, and the dis- 
tance to the center of gravity of the 
lever is 5 inches. Then we may 
write: 

| pound x 20 inches = weight 

of lever x 5 inches 

weight of lever = 4 pounds 
For children who learn mathematics 
rapidly, it is fun to substitute a let 
ter such as “L” (lever) or “B” 
(board) for the unknown. This may 
be one introduction to abstract ex- 


pressions in arithmetic or to algebra. 

When the lever described above 
rests on two pencils, with the center 
of gravity between them, each pen- 
cil supports part of the weight ol 
the lever. The pencil nearer the cen- 
ter of gravity supports more than 
the other, but together they sup- 
port only the weight of the lever, no 


more. 
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When Richie moves his fingers together, at what point on the yardstick will they 


meet? 


An interesting application of the 
fact that the center of gravity presses 
harder on the support nearest it is 
shown above. Support yard- 
stick across the index fingers of both 
hands. Slowly move your fingers to- 
gether and notice what happens to 
the yardstick as the center of gravity 
comes closer to one finger than to 
the other. Can you see that when 
the center of gravity is closer to youn 
right finger, more of the weight of 
the yardstick is on that finger than 
on the left? Then the left finger 
slides across the yardstick more eas- 
ily than does the right, until the 
center of gravity is nearer the lett 
finger than the right. The process 
alternates until both fingers are at 
the center of gravity. This is a quick 
method of approximating the cen- 


ter of gravity of a stick that is not 
uniform along its length. 


Wheels are levers, too 
Imagine two levers fastened at 
right angles, with pegs projecting 
from the sides as shown on page 14. 
A cord passes over the inner pegs. 
Your hand turns the outer pegs. As 
one lever lifts the cord on its inner 


peg and passes up to a vertical posi- 
tion, another lever is brought up 
into a horizontal position. If even 


more levers were added to this sys- 
tem, it would begin to look like a 
wheel. If many, many levers were 
added, it would be a wheel. The 
inner pegs would become a drum 
or an axle. .\ windlass is an exam- 
ple of this system. 
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Any wheel may be thought of as 
a series of levers, all turning about 
a common fulcrum. The steering 
wheel of your car is a lever with a 


When Kathy turns the cross arms, the 
pegs lift the brick higher. If she added 
more pegs, her levers would become 
a wheel and axle. 


> 


large mechanical advantage. Sup- 
pose the wheel is 12 inches across, 
or that it is 6 inches from the ful- 
crum to the edge of the wheel. Sup- 
pose, too, that the steering wheel 
turns a shaft only 14 inch in diam- 
eter, or i4 inch from center to edge. 
The ratio of the effort arm (radius 
of the wheel) to the resistance arm 
(radius of the shaft) is 6 inches to 
14 inch, or 24 to 1. When you apply 
a force of 5 pounds to the rim of 
the steering wheel, you apply 24 
times that much, or 120 pounds, to 
the shaft. 

The mechanical advantage of any 
wheel and axle is the ratio of the 
radii, or the ratio of the diameters. 
A wheel that is 10 inches in diam- 
eter on a shaft that is | inch in 
diameter has a mechanical advan- 
tage of 10. A shaft 1 inch in diam- 
eter that turns a wheel 10 inches 
in diameter has a mechanical ad- 
vantage of only 0.1. Ten pounds 
must be applied to the shaft to get 
a pound of force at the edge of the 
wheel. 

Gears are wheels with teeth. One 
common way to obtain a large me- 
chanical advantage is to use a series 
of gears working together. Gears 
are simply toothed wheels. The 
teeth of one gear fit between the 
teeth of the next gear; as one turns, 
the next will turn, too. 

When a small gear turns a large 
one, force is increased, but speed is 
decreased. When your car is in low 
gear, the engine turns a small gear. 
This turns a larger gear, and this 


| 

| 

| 

Be 


In a hand drill, gears are used to ob- 
tain high speed rather than a high 
mechanical advantage. 


turns a still larger gear. Although 
the engine runs fast, the wheels turn 
slowly, but with great force— 
enough to go up a steep hill. Trucks 
have even lower gears than cars be- 
cause they must pull heavy loads up 
steep grades. 

In concrete mixers, the rim ol 
the mixing drum has teeth around 
the inside. A small gear attached 
to the engine meshes with these 
teeth. The small gear turns very 
fast, but the drum turns slowly. A 
drum that 200 teeth and is 
turned by a gear with only 10 teeth, 
revolves only once for every 20 turns 


has 


of the smaller gear. 

In contrast to this, a hand drill or 
an egg beater has a large gear that 
turns a smaller one. Count the teeth 
on the large gear of a hand drill or 
an egg and compare this 
number with the teeth on the small- 
er gear. What is the ratio of the 
arrangement in- 


beater 


two? Does this 
crease the force or the speed of the 
tool? 

In a watch or a clock, a large gear 
is attached to the mainspring. It 
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turns a small gear that is rigidly at- 
tached to another large gear; this 
turns another small gear that is at- 
tached to a large gear. By a series ol 
double gears, the mainspring very 
slowly unwinds while it turns the 
second hand hundreds of times each 
day. The mechanical advantage of a 
watch mechanism may be as small as 
1/500, but sacrificed 
obtain movement. 


force is to 

When you see a series of gears 
working together, study them care- 
fully to see whether they increase 
force or speed. Try to estimate the 
mechanical advantage of the sys- 
tem. If you cannot count the teeth, 
estimate the diameter of the gears, 
and try to get the mechanical ad- 
vantage. A 2-inch gear that turns 
another 6 inches in diameter gives 
an axle-to-axle mechanical advan- 
tage of 3. If another 2-inch gear 
is attached to the 6-inch gear, so 
that one turns as the other turns, 
and if the second 2-inch gear turns a 
second 6-inch gear, the overall me- 
chanical advantage is 9 (3 times 3, 
not 3 plus 3). When two or more 
machines work in series, their me- 
chanical advantages are multiplied. 
Disregarding friction, is there any 
limit to the mechanical advantage 
of a series of gears? 


Pulleys. Pulleys are a special kind 


of a wheel connected by a rope or 
chain. Pulleys can be arranged in 
many combinations to multiply 
force, but they are rarely used to 


increase speed. 
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At the left, the fulcrum is a table top. At the right it is a rope from the ceiling. 
The mechanical advantage of both is the same: 2. 


A single pulley attached to the 
ceiling acts like a simple lever—a 
sort of see-saw with a rope hanging 
from one end and a weight at the 
other. The pulley has no mechan- 
ical advantage. It merely changes 
the direction of pull from up to 
down. Sometimes it is more con- 
venient to pull down than it is to 
pull up. 

When a pulley is attached to the 
weight that is being lifted, however, 
it does give a mechanical advan- 
tage. Think of a lever such as that 
on page 9 lying on a table with a 
heavy weight resting at its center. 
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To lift one end of the lever re- 
quires only half as much force as 
lifting the weight directly. Attach- 
ing a rope to the end of the lever 
and pulling on it is the same as lift- 
ing the lever by hand. Attaching a 
second rope to the fulcrum and sus- 
pending the fulcrum from the ceil- 
affect the 
either. Can you see that 


ing does not system, 
the two 
sketches shown above are similar? 

The mechanical advantage of a 
set of pulleys depends upon the 
number of ropes or cords that sup- 
port the weizht A cord from a fixed 


pulley such «ove fastened to the 
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ceiling does not increase mechan- 
ical advantage, but one running to 
the weight that is being moved does 
increase the mechanical advantage. 
Below you see that only three cords 
support the load at the left, but 
four support the load at the right. 

If you lift a 100 pound weight 
with the pulley shown at the right, 
only 25 pounds of force should be 
required. In actual practice, more 
than 25 pounds would be needed, 
friction is 


because considerable 


present in most pulley systems. It 


might take as much as 30 or 40 
pounds to lift a 100 pound weight 
even when four cords support the 
weight. Remember that in all ma- 
chines, you must pay a “friction 
tax.” 

Differential pulley. special 
kind of pulley often is used in ga- 
rages or in industrial plants for lift- 
ing heavy machinery. It is called 
a differential pulley. Chain hoists 
that ropes 


sometimes have differential pulleys 


use chains instead of 


The load at the left is shared by three supporting ropes. The rope with the 
arrow does not support the load; it merely changes the direction of pull. 
How many ropes share in supporting the load on the right? 
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In this differential pulley, the rope at 
the right must be pulled a long way 
to lift the load a little way. 


to give them a high mechanical ad- 
vantage. 

A differential pulley has three 
pulleys—two at the top and one 
at the bottom. The two at the top 
are of slightly different diameters 
and they are fastened tightly to- 
gether so that when one turns, the 
other turns with it. Each of the up- 
per pulleys has projections that 
grip the chain and keep it from 
slipping. When the larger pulley 
raises some chain, the smaller pul- 
ley lowers some chain. The name 
“differential” comes from the dif- 
ference in the two pulleys. 


Suppose that the larger pulley 
has a circumference of 25 inches 
and the smaller one a circumler- 
ence of 24 inches. When the larger 
one pulls up 25 inches of chain, 
the smaller one lets down 24 inches 
of chain. The net upward pull on 
the chain is only | inch, even 
though an operator pulls 25 inches 
on the chain passing over the large 
pulley! Thus the differential pulley 
itself has a mechanical advantage 
of 25. In addition, a lower, free- 
turning pulley supports the load. 
It is supported by two strands of 
chain, so it has a mechanical advan- 
tage of 2. The whole system, then, 
has a mechanical advantage of 50 
(25 times 2). Would a differential 
pulley have a greater or smaller me- 
chanical advantage if the two pul- 
leys at the top were even closer to 
the same diameter? 

Differential pulleys are costly to 
make because they must have a 
groove or a bed to fit the chain. 
Gears are less expensive to make 
than differential pulleys, but it may 
take several gears to give the same 
mechanical advantage that a differ- 
ential pulley can give. When you 
visit a garage with a chain hoist, 
watch it in operation to see how it 
works. Does it have a differential 
pulley or a gear box at the top? 


THE INCLINED PLANE 
When you cut with a knife, split 
wood with a wedge, walk or drive 
up a ramp, turn a bolt or a screw, 
or ride in a boat or an airplane, 
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you make use of the inclined plane 
in one or more of its forms. A ramp 
is an inclined plane in its simplest 
form. Small children can feel how 
a ramp helps them lift things by 
placing a plank (the board de- 
scribed on page 8 will do) from the 
Hoor to the top of a step, or a box. 
Then they can compare the force 
needed to lift a heavy object from 
the floor to the step or the box with 
the force needed to roll the same 
object up the board. 

With a simple spring balance, 
you can measure the forces that act 
on a weight that is moved up an in- 
cline. (Perhaps you can borrow a 
spring balance from the high school 
science teacher if you do not have 
one.) Use the spring balance to pull 
a child's wagon up the incline, and 


note the reading on the balance. 
Then lift the wagon with the 
spring balance and compare its 
weight with the force required to 
pull it up the incline. If the wagon 
is too heavy to weigh on the spring 
balance, record the weight on one 
axle or one wheel at a time, and 
add these together. Remember that 
the four wheels support only the 
weight of the wagon, no more. 

To find the mechanical advan- 
tage of any inclined plane, com- 
pare the distance that you must 
push, or the distance through which 
the effort moves, with the distance 
that the resistance moves. In the 
diagram below, for example, the 
incline is 6 feet long and makes 
an angle of 30° with the floor. It 
is 3 feet above the floor at the top 


The plank is 6 feet long. Its upper end is 3 feet above the ground. A child must 
pull a distance of 6 feet to raise the wagon 3 feet. 


19 


4 
te 
a 
ON 
’ 
Y 
b 
about 5 
= 
: 


of the incline. The ratio of the 
length of the incline to the height 
of the incline is 2:1. Suppose a 
child pulled a wagon up this in- 
cline. The child have to 
walk 6 feet to raise the wagon 3 
feet. If he had to move twice as far 
as the object was raised, the me- 
chanical advantage would be 2. If 
the wagon weighed 50 pounds, he 
would need to pull with a force of 
a litthe more than 25 pounds in 
order to pull it up the incline. 
(Why a little more than 25 pounds?) 

Suppose that this incline were a 
weightless wedge moved under the 
load. The wedge would have to 


would 


be moved only about 5 1/5 feet to 
raise the load 3 feet. The mechan- 


ical advantage is not 2, but less than 
2 (51% divided by 3). The mechan- 
ical advantage is less when the el- 
fort is applied in a horizontal di- 
rection than it is when the effort is 
applied along the incline. 

A splitting wedge is just two in- 
clined planes placed “back to 
back.” Suppose a wedge were 6 
inches long and 2 inches thick. A 
sledge hammer would have to move 
the wedge 6 inches in order to pry 
the wood apart 2 inches. The me- 
chanical advantage of the wedge 
would be 3. What would be the 
mechanical advantage of a wedge 
8 inches long and | inch thick? 

A knife blade, a razor blade, a 
chisel, and a saw tooth are all exam- 


Each of these cutting tools makes use of a wedge. 
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ples of wedges with fine edges. ‘he 
edge presses into the material to be 
cut, then the rest of the blade 
wedges or pries away a slice, a chip, 
or a piece of sawdust. The mechan- 
ical advantage of a razor blade that 
is only 1 / 100th of an inch thick, and 
whose honed edge is 1/25th of an 
inch wide, is 4. This blade actually 
wedges apart a whisker with four 
times as much force as you would 
exert in pulling the blade across 
it. 

Many other wedges are in use 
at home and at school. Door stops 
made of wood or rubber help keep 
doors open. Some window latches 
have a rotating wedge to force the 
upper and lower windows tightly 
against their frames. The latches of 
most doors have a wedge that is 
pushed into the door when it hits 
the plate, then springs into a recess 
in the frame when the door is 
latched. Even the key to a tumbler 
lock has little wedges filed into its 
edge to pry up the tumblers of the 
lock until they line up to let the 
lock turn. Pins and needles are 
sharpened to pry apart the ma- 
terial into which they are pushed. 
Corks and stoppers are tapered to 
push tightly against the sides of 
the bottle. How many more appli- 
cations of wedges can you find? 


The screw—a spiral ramp 

Cut a triangular piece of paper 
as shown above and wrap it 
around a pencil. The incline repre- 
sented by the paper is a screw. A 


| 


A screw is just a spiral wedge. 


screw is something like a_ spiral 
staircase. It goes around and 
around instead of in a straight line. 
A barrel can be moved up a spiral 
ramp in either of two ways. The 
barrel itself could be rolled up the 
ramp, or the ramp could be turned 
underneath the barrel. In bolts, the 
ramp (threads) usually remain sta- 
tionary while the nut is rotated to 
“climb” the ramp. In a screw, how- 
ever, the ramp itself is turned. 
You can use a l-inch bit, a mar- 
ble, and the cardboard tube from a 
paper towel roll to show how 
threads move things. Cut the card- 
board tube in halves lengthwise, 
and lay the bit in one half as shown. 
Put a marble between the threads 
of the bit. Now slowly rotate the 
bit in its groove. Watch how the 
marble moves along the groove as 
the rotating ramp pushes it. This 
illustrates how an automatic stoke 


pushes coal through a pipe, or how 
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Lee uses a bit, some marbles, and a cardboard tube cut lengthwise to show how 
an automatic stoker works. 
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some automatic feeders push feed. 
In many food processing plants, 
mixtures are moved through con- 
duits by a screw-type device. Do you 
use anything like this in your kit- 
chen? How about a meat grinder? 

Pitch. When a screw or a bolt 
makes one complete turn, the ob- 
ject rising up the threads moves 
from | thread to the next one. The 
distance from thread to thread de- 
termines how far an object will 
move as the screw is turned once. 
This distance is called the pitch of 
the screw. It is usually expressed in 
number of threads per inch. A 14-14 
bolt is one that is 14 inch in diam- 
eter and has 14 threads to the inch. 
A nut must be turned 14 times in 
order to move | inch on this bolt. 

Bolts come in a variety of pitches, 
and they need to be designated by 
pitch and diameter so that nuts or 
burs can be properly matched to 
them. Wood screws are not desig- 
nated in this manner, but they are 
given 2 different numbers such as 
114-6, meaning a number 6 screw 
114 inches long. 

A house jack is a giant screw 
with a long handle to give even 
greater mechanical advantage. Sup- 
pose a house jack had threads that 
were 14 inch apart (pitch: 4 threads 
to the inch, or 14 inch), and it was 
turned by a handle 2 feet long. A 
person using the jack would have 
to move his hand in a circle 4 feet 
in diameter in order to raise the 
house 14 inch. That is, he would 
have to move the handle one com- 
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plete turn for the jack to rise from 
one thread to the next, a distance 
of Y% inch. A 4-foot circle has a 
perimeter of about 121% feet (see 
LET'S MEASURE, the Cornell 
Rural School Leaflet for winter, 
1958). This means that the user's 
hand must move the jack handle 
121% feet in order to raise a house 
4 inch. The ratio of these two 
distances is: 
121% feet 

or 150 inches \4 inch 

or 600 1 
This means that if there were no 
friction, the person using the jack 
could lift 600 pounds by applying a 
force of only 1 pound to the jack 
handle! 

In a screw friction tax is high 
because large surfaces rub together. 
Friction may reduce the efficiency 
of a jack or any other screw by more 
than 50 percent. It might take as 
much as 2 pounds of force to lift 
a 600-pound weight. Even so, a man 
applying a force of 50 pounds to 
this house jack could lift a weight 
of 15,000 pounds! Remember, how- 
ever, that such a man can gain this 
strength only by trading something 
else for it. In this case he trades 
distance for strength. Is it an even 
trade? Why does he have to “pay” 
for the transaction? Friction! 


inch 


Propellors 

A propellor is just a short section 
of a screw. Instead of pulling or 
pushing its way through wood or 
iron, it screws its way through air 
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or water. Simple propellors such as 
electric fans are usually made from 
sheet metal. Some propellors such 
as those of airplanes or ships are 
scientifically molded so their thick- 
ness varies in cross-section. 

The propellor of an airplane o1 
of an outboard motor has pitch 
just as a bolt does. The distance 
the propellor moves in one com- 
plete revolution is called its pitch. 
Outboard propellors range in di- 
ameter from about 6 inches to 
more than 12 inches, depending up- 
on the size and power of the motor. 
The propellors of large ocean-going 
vessels are called screws or wheels, 
and may be more than 30 feet in 
diameter and weigh many tons. 
The pitch of such a propellor may 
be more than 15 feet! 

Variable pitch propellors are 
commonly used on commercial air- 
craft. By means of a series of gears 
inside the hub of the propellor, the 
pilot can change the pitch of the 
propellor right from the cockpit. 
Variable pitch propellors can be 
used to brake the airplane after it 
lands. ‘To do this the pilot reverses 
the pitch of the propellor, ,;making 
it push against the air instead of 
pull through the air. Before air- 
planes used variable pitch propel- 
lors, they needed much longer run- 
ways for landing. 


Worm or Spiral Gears 

A screw-type gear is sometimes 
used along with a conventional 
gear to obtain high mechanical ad- 


vantage, particularly when it is de- 
sirable to hold the conventional 
gear in one position. Worm gears 
are used in the steering mechanism 
of cars and tractors, in opening and 
closing some windows in green- 
houses and factories, and in such 
machines as electric clocks. In a 
tractor the steering gears are us- 
ually not enclosed, so you can see 
how a worm gear works. For each 
complete turn of the worm gear, 
it moves one tooth of the gear con- 
nected to it. When the gear con- 
nected to it is straight or only 
slightly curved instead of being a 
true gear, it is called a rack. On 
page 25 is shown a worm gear and 
rack used to adjust window open- 
ings in a Cornell greenhouse. 
Suppose that a worm gear with a 
pitch of 14 inch were turned by a 
hand wheel 2 feet in diameter. In 
one complete turn of the wheel, the 
hands would move about 614 feet 
(circumference = diameter multi- 
plied by 3 1/7), or 75 inches. One 
turn would make the worm gear 
move one thread, or 14 inch. So 
when the effort moves 75 inches, the 


In a crescent wrench, worm gear first 
tightens the wrench. Then the entire 
wrench acts as a lever to turn a nut 
or a bolt. 


> 
} a 
| 
o> 
| 
f 
a. 
\ 2 
@ — 
— 
= 
jae) 


Turning the handle on the spiral gear in this greenhouse rotates the long pipe. 
Arms attached to the pipe open the windows. 


worm gear moves an object 14 inch. 
This is a ratio Gf 75:14, or 300:1. 

If the wheel and worm gear de- 
scribed above were to turn another 
gear and its axle, and if this second 
gear and axle had a ratio of, say, 
10:1, then the mechanical advan- 
the shown 

This 


means that a l-pound force applied 


tage of whole system 


above would be 3000 to I! 


to the wheel would give a 3000- 
pound force or 114-ton force at the 
axle. Worm gears, like a house jack, 


are capable of tremendous mechan- 
ical advantages. Of course, friction 
reduces this great advantage just 
as it does with a house jack, but 
even if it takes 2 pounds to lift a 
3000-pound weight, that is still a 
large mechanical advantage. 


Cams 


Still another kind of inclined 


plane used in many modern ma- 


chines is the cam. Some cams look 


like wheels that are mounted off- 
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The axle of the cam is off center. When 
it turns, the cam pushes up on the left 
side of the lever. This lever tips down 
on the right to strike another part of 
the machine. The dotted lines show 
the parts when the cam is in the “up” 
position. 


center like that shown above. When 
such a cam turns, an object rest- 
ing against its rim goes up and 
down or in and out. The camshaft 
on a car is a steel rod with a cam 
under each of the valves, or under 
a lever attached to each valve. As 
the long part of each cam rotates 
under the valve, it lifts the valve up 
a little to allow the gas to enter 
the cylinder. Then, as the cam ro- 
tates more, the short part of it 
moves under the valve and lets the 
valve move down to close the open- 
ing in the cylinder. Thus the valves 
move up and down as they are 
pushed by the cams. In cams, as in 
the wedge, the inclined plane is 
moved under the resistance, in- 
stead of the resistance being moved 
up the incline. 

Cams also operate valves on auto- 
matic washing machines, dryers, 
and many other household  ap- 
pliances. Cams can be positioned on 
a single shaft so that a series of ob- 
jects can be lifted, either all at once, 
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or in a_ particular order. This 
makes cams important parts of ma- 
chines where different operations 
must occur in sequence. How many 
cams can you find in operation 
around home? See if you can find 
a diagram of the parts of a washer. 
a dryer, an electric oven timer, or 
some other machines that use cams. 
Look also at the little cam that 
holds the pencil in a drawing com- 
pass. As you pull the lever, can you 
see a projection that is forced into 
the pencil to hold it in position? 


Simple Machines at Home 
and School 


Look around home for some of 
the machines in the list below. For 
each machine that you can find, try 
to estimate its mechanical advan- 
tage, where its fulcrum is if it has 
one, and why that kind of machine 
See if can make a 


is used. 


you 


Can you find the following machines 
in this pencil sharpener: wheel and 
axle, gears, wedge (cutter)? Even the 
screws that hold the sharpener are 
simple machines. 
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simple model to show the children . Can tops, particularly the 
in your classroom the kind of ma- wire fastener on glass-topped 
chine it is, and what it does. Mason jars 
Ice-cube tray handle . Float and valve mechanism 
Refrigerator door handle in the bowl of the water closet 
(Lift off cover and watch 


Fireplace tongs 
bowl fill and shut off after 


Bellows 


Needle, levers and wheel of flushing) 
sewing machine Check the machines in your class- 
Foot switch of a sewing ma- room. Let the children examine 


chine them to see what simple machine is 
Crescent wrench represented, what its mechanical 
Latches of doors and win- advantage is, and where similar 
dows machines might be put to other 
Handles—faucet, door, cup- uses. Look for 

board 1. Paper cutter 

Various screws, bolts and 2. Pencil sharpener (remove 
other threaded objects such cover and watch spiral cut- 
as light bulbs ters) 


powerful loader? 
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Window locks 

‘Toys of various kinds 

Door latches, cupboard 
latches 

‘Tools if you have some (ham 
mer, pliers, saw, screwdriver) 
Vise on workbench 

Pulleys of stage curtain 
Handle and arms of dupli- 
cating machine 

Typewriters 

Playground equipment 


slide, see-saw, bill bat 


As you and your pupils study 
machines, you will become increas- 
ingly aware of their importance and 
use in daily life. They are not mys- 
terious devices, but simple, effec- 
tive means of making our work 
easier. They enable us to do what 


we could not do without them. Ma- 
chines have helped us trade our 
limited physical abilities for almost 
unlimited strength and speed. It 
is the simple machine to which 
his environ- 


man owes control of 


ment. 
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Some Helpful References 


LeEWELLEN, JoHN, THE TRUE BOOK OF TOYS AT WORK, Children’s 
Press, Chicago, 1593. 45 pages. A simple yet fairly clear treatment of how 
simple toys work. Wind-up toys, and toys with wheels are especially well 


done. Primary grades. 


SCHNEIDER, HERMAN, EVERYDAY MACHINES AND HOW THEY 
WORK, Whittlesey House, New York, 1950. 186 pages. The common 
electrical and mechanical machines around home, such as the furnace, 
and washer, are briefly described. Included are simple mechanical devices 
such as tools, keys and locks, cams, and musical instruments. Many of these 


use simple machines. Intermediate grades. 


Suarp, Evizapetu N., SIMPLE MACHINES AND HOW THEY WORK, 
Random House, New York, 1959. In clear, readable style simple machines 
are explained to children. Wheels, levers and inclined planes are included, 
with simple activities to supplement each type of machine. Intermediate 


grades. 


Biackwoor, Paut E., PUSH AND PULL, The Story of Energy, McGraw- 
Hill, New York, 1959. 185 pages. This is a good follow-up to the story of 
simple machines, since it describes many sources of energy lor operating 


the machines. Solar, chemical, electrical and nuclear energy are all dis- 


cussed in some detail. Upper grades. 


BURLINGAME, RoGer, MACHINES THAT BUILT AMERICA, Harcourt 
Brace, New York, 1953, 206 pages. Although not a science book, it is 
good supplementary reading about the history and development of such 
famous early American machines as McCormick's reaper, Colt’s  six- 
shooter, Whitney's cotton gin, and Terry's clocks. All, of course, employ 


a series of simple machines. Upper grades. 
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YOUR SCIENCE ACTIVITY FILE 


‘Teachers often ask, “Where can I find some information on—?" When 
they do find the information, they may write it in a notebook or put it on 
a scrap of paper, but often their filing system of ideas and information is 
inefhcient. Here is a handy card filing form that may help you in your 


science teaching. 


(Unit) (Grade Level) 


( Lopic) (Source) 


Materials: 


(Specific Activity) 


Procedure: 


Evaluation: 


‘This form may be printed or mimeographed on 3x5, 4x6, or 5x8 card 
stock, depending upon personal preference. The 3x5 card size has the 
advantage of being convenient for purse or pocket. Perhaps your school 
can arrange to print a supply of these for all the teachers in the school. 

Keep several of these cards in your pocket or your purse. Be ready to 
take notes on them when you attend meetings with science specialists or 
with other teachers. Jot an idea down when it presents itself, then add the 
card to your file. 

TRY the activity as soon as you can to make sure that you understand 
it. Find out where it may give trouble. For example, suppose you see a 
demonstration using a piece of bell wire and a flashlight cell. When you 
repeat the activity at home or at school, you realize that the bell wire is 
too stiff for third graders to bend with their fingers. Make a note of this 
fact on your card. It will remind you to use smaller wire when you try the 
activity with your class. 
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Finally, when you develop a good activity or an approach for teaching 
elementary science, SHARE IT! Ideas that you develop are only as good 
as your willingness to pass them along to someone else. Send them to 
teachers’ journals, bulletins, or magazines. If you do not know of an outlet 
for your ideas, pass them along to the CORNELL SCIENCE LEAFLET. 
If they are suitable, we will share them for you. In this way, teachers work- 
ing and thinking together will do much to stimulate good elementary 


science teaching. 
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